The cardiorespiratory effects of increasing respiratory frequency were investigated in two groups of dogs ventilated mechanically with a system which minimized apparatus and anatomical deadspace. In one group minute volume was constant whilst frequency was increased; in the second group minute volume was increased to maintain normal Paco,. The reduction in tidal volume with increasing frequency was accompanied by a reduction in physiological deadspace. However, the reduction in deadspace was proportionally less than the decrease in tidal volume, so that the deadspace/tidal volume ratio increased. The peak airway pressures were minimal at a frequency of 45 b.p.m. At frequencies of 60 b.p.m. and more, the lung failed to empty so that peak airway pressures were increased and cardiac output decreased.
During mechanical ventilation the tidal volume is determined by the change in alveolar pressure and the total thoracic compliance. When lung compliance is reduced alveolar ventilation can only be maintained by increasing the transpulmonary pressure difference or by increasing the frequency of ventilation. Since an increase in transpulmonary pressure increases pulmonary vascular resistance and may also result in pneumothorax or pneumomediastinum, it is generally accepted that it is safer to increase frequency when there is a marked reduction in lung compliance. However, the presence of the apparatus and anatomical deadspace limits the increase in frequency and reduction in tidal volume which can be tolerated. Furthermore, at high frequencies, variations in regional time constants may lead to impaired gas distribution and there may also be insufficient time for the lung to empty. Since previous studies on the physiological effects of increasing the frequency of mechanical ventilation have been confined to a limited range of frequencies, the present experiments were designed to determine the practicable upper limits of frequency which could be used when the apparatus and anatomical deadspaces were reduced to a minimum ing between 15 and 28 kg. Anaesthesia was induced with thiopentone 20-30 mg kg" 1 and a special cuffed tube was inserted into the trachea. The lung ventilator was set at a rate of 15 b.p.m. and the tidal volume adjusted to produce normocapnia. Anaesthesia was maintained with pentobarbitone, a total dose of 15-20 mg kg" 1 being given over the study period of 5-6 h.
Cannulae were inserted into the right femoral artery and vein for cardiac output measurement by the dye dilution method, into the left femoral artery for pressure recording and blood sampling and into the left femoral vein for pressure recording. Oesophageal pressure was measured by inserting an oesophageal balloon into the middle third of the oesophagus and then adjusting its position to produce the maximum sub-atmospheric pressure. All pressures were recorded with Consolidated Electrodynamics strain gauges and a Devices M19 heatedstylus recorder. The transducers were repeatedly calibrated against saline columns.
Ventilation circuit. The ventilator was designed to deliver a constant inspiratory flow rate despite changes in impedance ( fig. 1 ). Power was derived from a cylinder of compressed air, the driving pressure being maintained at 70 kPa (lOlbfin"
2 ) by a regulator (MSG30.0G (B.O.C.)). The inspiratory flow rate was controlled by a needle valve and flowmeter and the duration of inspiration and expiration was determined by conventional poppet valves operated by two cams on a common camshaft. The design of the cams was such that the inspiratory : expiratory time ratio was 1 : 2, both valves being closed for a short period (15°) at the end of each inspiratory and expiratory phase so that the end-inspiratory and end-expiratory pressures reflected the alveolar pressure. The frequency of ventilation was determined by a thyristor-controlled electric motor driving ±e camshaft. Since one complete rotation of the camshaft represented one breathing cycle, a tachometer could be used to measure respiratory frequency. The ventilator was connected directly to concentric inspiratory and expiratory tubes ( fig. 2 ). The expiratory tube was a standard, cuffed 11-mm i.d. plastic endotracheal tube 30 cm in length, whilst the inspiratory tube was a rigid plastic tube of 2 mm i.d. which extended almost to the tip of the outer tube.
T
The airway pressure was sensed from a side-arm between the endotracheal tube and expiratory valve.
The ventilator and patient circuit was tested against a standard lung model with a compliance of 50 ml cm Hj.0" 1 and airway resistance of 5 cm H 2 O litre-1 s (Loh, Sykes and Chakrabarti, 1978) . The flow, pressure and volume waveforms are shown in figure 3 . The valves were checked extensively for leaks but none occurred. The pressure difference across the whole expiratory ventilation circuit was found to be 0.25 kPa (2.5cmH 2 O) at a flow of 0.5 litre s" 1 .
Programme of study Group 1. The frequency of ventilation was increased in steps from 15 to 30, 60, 100, 170, 300 and 450 b.p.m., maintaining the minute ventilation constant.
Group 2. The frequency of ventilation was increased in similar steps but the minute ventilation was increased to keep Pa^ constant.
The lungs of five dogs were ventilated according to the programme for group 1. In the first two it was found that, when the frequency was increased to 100 b.p.m., the carbon dioxide tension could not be kept within the normal range. The ventilating frequency was quickly increased in steps to 170, 300 and 450 b.p.m. but Pco 2 increased and the dogs died. In the remaining three dogs the maximum ventilation frequency was restricted to 100 b.p.m. Seven dogs were treated according to the programme for group 2. However, the frequencies of 300 and 450 b.p.m., and an additional frequency of 45 b.p.m., were used only in the last four dogs of this group. Measurements. The expired gas was collected in a wet spirometer which had been modified to provide an electrical output for recording. The calibration of the spirometer was checked repeatedly by injecting a known volume from a large syringe. Duplicate blood samples were analysed for Po^ Pco 2 and pH on two different electrode systems (Radiometer EPHM71 and ABL 1). All blood-gas tensions were expressed at body temperature using the factors of Kelman and Nunn (1966) . Duplicate cardiac output measurements were made with the dye dilution technique using cardiogreen dye and a Gilford cuvette and withdrawal system. The curves were analysed by the method of Simons and White (1976) . The mixed expired carbon dioxide was analysed with an infra-red carbon dioxide analyser (URAS 4, Hartmann-Braun) calibrated with previously analysed carbon dioxide-air mixtures. The physiological deadspace was calculated from Pa^ and the mixed expired carbon dioxide tension (PE COl ) using Enghoflf's modification of the Bohr equation. Table I summarizes the results of the experiments in group I in which the minute volume was held constant and the frequency was increased in steps from 15 to 30, 60 and 100 b.p.m. A two-way analysis of variance did not show any significant changes in minute volume (FE) or cardiac output (()). Tidal volume (FT) decreased as the frequency increased, but the physiological deadspace/tidal volume ratio (FD/FT) increased with the increase in frequency since the physiological deadspace (FD) did not decrease in proportion to the decrease in FT. AS a result the alveolar ventilation (FA) decreased and Pa COt increased. The peak airway pressure (P AW (pcak ') decreased as frequency was increased and at 100 b.p.m. it was approximately 50% of the value at 15 b.p.m. However, although mean airway pressures decreased up to 60 b.p.m. they increased thereafter because of the development of an end-expiratory positive pressure (P A W (EEP) ). The results of the experiments in seven dogs in group 2 are shown in table II. The data were subjected to a two-way analysis of variance followed by paired t tests where appropriate. There were no significant changes in Pa^ Pa^ an< i ^A-To maintain PaQ Ol constant, FE had to be increased when the frequency was increased. However, the increase was not in proportion to the increase in frequency or decrease in tidal volume and there was no significant difference in VE between the frequencies of 15 and 30 b.p.m. When the frequency was increased from 15 to 30 b.p.m. the physiological deadspace There were no differences in cardiac output between 15 and 30 b.p.m., but there was a progressive decrease in output at greater frequencies. The peak, mean airway and end-inspiratory oesophageal pressures were least at a frequency of 30 b.p.m. At greater frequencies the lung failed to empty so that the pressures were again increased.
RESULTS
The experimental results in four dogs in group 2, when additional frequencies of 45, 300 and 450 b.p.m. were used, are shown in figures 4 and 5. Although a small end-expiratory pressure was present in one dog at the frequency of 45 b.p.m., the peak airway pressure was minimal at this frequency in the remaining three dogs. At the frequencies of 300 and 450 b.p.m. the alveolar ventilation could not be maintained despite large increases in minute volume since physiological deadspace increased with the increase in end-inspiratory airway pressure. As a consequence Pacot increased to unacceptable values, the oesophageal pressure became positive and the cardiac output decreased.
DISCUSSION
The prime objective of the present studies was to examine the practical possibilities of ventilating the lungs at greater frequencies and smaller tidal volumes than normal in order to reduce the peak transpulmonary pressure difference required to maintain normal co,. The results suggested that in the dog the smallest alveolar pressures were achieved at a frequency of about 45 b.p.m.
The magnitude of the reduction in tidal volume which can be tolerated is obviously determined by the changes in apparatus, anatomical and physiological deadspace which accompany the changes in tidal volume. Although Jonzon and others (1971) and Erikson and others (1977) reported that adequate alveolar ventilation could be maintained at frequencies of 60-100 b.pjn. when the apparatus deadspace was negligible, the authors were not able to make accurate measurements of tidal volume alveolar pressure and gas exchange. they used different ventilators and patient circuits to make comparisons between high and low frequencies. In other studies in humans and in dogs (Williams and Rayford, 1956; Severinghaus and Stupfel, 1957; Cooper, 1969; Hedenstierna and McCarthy, 1975; Lunn, Mapleson and Chilcoat, 1975) , the apparatus deadspace was either included as a part of the ventilatory pathway or a nominal value (usually determined by water displacement) was deducted from the calculated physiological deadspace. Since the effective volume of the apparatus deadspace does not necessarily equal the volume determined by water displacement, the assumption of a fixed value may have introduced a variable error. Furthermore, the extra tidal volume required to compensate for the added deadspace would have increased the alveolar pressure and so might have affected the results. In the present experiments the apparatus deadspace was negligible whilst the anatomical deadspace was reduced to the volume of the conducting airways below the tip of the insufflation catheter. Nunn, Campbell and Peckett (1959) showed in human cadavers that 55% of the total anatomical deadspace was above a point 6 cm above the carina, so it is reasonable to assume that the volume of the conducting airways below the tip of the insufflation catheter was about 50% of the normal anatomical deadspace in the dog.
In the first group of dogs an attempt was made to increase frequency whilst minute volume and inspiratory flow rate were maintained constant. The resulting decrease in tidal volume was accompanied by a progressive decrease in physiological deadspace. However, the reduction in deadspace was proportionately less than the decrease in tidal volume so that VD/VT increased.
In the second group of animals, when Pa COl was kept constant by increasing minute volume, the reductions in tidal volume and physiological deadspace were less although the increase in VD/VT with frequency was of similar magnitude. The differences in tidal volume and Pa^, between the two groups at the higher frequencies resulted in differences in mean airway pressure and cardiac output. For example, in the first group mean airway pressure at lOOb.p.m. was 71% of the value at 15 b.p.m. and cardiac output was unchanged, whereas in the second group mean airway pressure had increased to 154% and cardiac output had decreased • to 76% of the values at 15 b.p.m. Thus, although the efficiency of ventilation as judged by VD/VT was decreased similarly in both groups at a frequency of 100 b.p.m., blood-gas homeostasis could be achieved only at the cost of greater airway pressures and a smaller cardiac output.
In group 2 further increases in frequency to 170 b.p.m. resulted in a further increase in FD/FT. At the two greatest frequencies, 300 and 450 b.p.m. (fig. 4) , -Paco, increased continually, indicating that the alveolar ventilation was no longer adequate to remove the carbon dioxide produced, despite the administration of very large minute volumes (26 litre min~x and 34 litre min -1 respectively). At these frequencies the dogs were not in a steady state and much greater P&c Ot values would have been recorded if the observations had been delayed until a steady state had been reached.
It is apparent that the reduction in physiological deadspace is an important compensatory mechanism which helps to maintain alveolar ventilation in the slower range of frequencies. The peak and mean airway pressures are also reduced without impairment of cardiac output. However, at greater frequencies air trapping occurs and there is no further reduction in deadspace so that ventilation becomes progressively more inefficient, airway and oesophageal pressures increase and cardiac output decreases.
It is • concluded that, in the normal dog with minimal apparatus and anatomical deadspace, respiratory frequencies up to 45 b.p.m. can be used to minimize peak alveolar pressures without pro-during a marked impairment in gas exchange or cardiac output. At a frequency of 60 b.p.m. there is an appreciable end-expiratory pressure and at greater frequencies there is an increase in airway pressure, a decrease in cardiac output and an increase in VD/VT. However, if these side-effects are tolerable, ventilation is practicable up to a frequency of 170 b.p.m. in the dog.
The experiments were carried out in dogs with normal lungs because it is difficult to produce a stable preparation with a low lung compliance. In low lung compliance states the tidal volume would be expected to encroach on the horizontal portion of the pressure-volume curve, so that a reduction in tidal volume would result in a greater percentage decrease in alveolar pressure compared with a normal lung. In a diseased lung a reduction in tidal volume might result in a greater impairment of gas exchange than was demonstrated in these studies. Furthermore, the dog has a relatively high compliance and low airway resistance when compared with man. Thus the optimal frequency of ventilation at which the smallest airway pressure is achieved may differ. 
SUMARIO
Se Ilcv6 a cabo una invesrigaci6n de los efectos cardiorespiratorios de la creciente frecuencia respiratoria en dos grupos de perros ventilados mecanicamente con un sistema que minimiza el espacio muerto anat6mico y del aparato. En un grupo, el volumen por minuto era constante mientras aumentaba la frecuencia; en el segundo grupo, se aument6 el volumen por minuto para mantener un Paco, normal. La reducci6n del volumen respiratorio con una frecuencia creciente se acompafl6 de una reducci6n del espacio muerto fisiol6gico. Sin embargo, la reducci6n del espacio muerto fue en proporci6n menor que la disminucidn del volumen respiratorio de manera que la relaci6n espacio muerto/ volumen respiratorio aument6. Las presiones tope de las vias respiratorias fueron minimas en una frecuencia de 45 b.p.m. En frecuencias de 60 b.p.m. 6 mas, el pulm6n dej6 de vaciarse de modo que les presiones tope de las vias respiratorias aumentaron y el ritmo cardiaco disminuy6.
